A new low-latency, cascadable optical logic gate with gain, high contrast, and three-terminal input-output isolation is introduced. The interaction between two orthogonally polarized spatial solitons brought into coincidence at the boundary of a saturating nonlinear medium and propagating in different directions results in the phase-insensitive spatial dragging of a strong pump soliton by a weaker signal. As a result, the strong pump is transmitted through an aperture when the weak signal is not present, and it is dragged to the side by more than a beam width and blocked in the presence of the weak signal, thus implementing an inverter with gain. A multi-input, logically complete NOR gate also can be implemented in a cascaded system. Spatial solitons result from a balance between linear diffraction and nonlinear self-focusing, and their interactions may one day provide a means for ultrafast optical switching and computing. Two spatial solitons propagating at different angles can symmetrically collide in a nonlinear medium, producing a spatial shift in the propagation of each soliton, with no change in propagation angle. This collision interaction has been suggested as a mechanism for a photonic switch 1 and has been demonstrated experimentally with dark spatial solitons. 2 Experimental demonstrations of spatial soliton attraction and repulsion 3 also have been reported, and an all-optical switch has been proposed. 4 In this interaction geometry, two spatial solitons launched along parallel paths separated by a few beam widths with 7T relative phase will repel each other, resulting in a change in their propagation angles. Trapping of initially overlapping spatial solitons propagating in different directions (the spatial analog of temporal trapping using two differentcolor solitons in a fiber 5 ) has been demonstrated experimentally 6 and is very similar to the geometry reported here, but it is highly phase dependent and no gain was realized. Soliton collision at small angles is also highly phase dependent. In a computing or switching system, relative phase may be difficult if not impossible to maintain. In addition, large gain is not achievable with any of these interactions, because a weak signal soliton is unable to influence a strong pump significantly. A minimum gain of -4 is necessary to compensate for unavoidable system losses such as Fresnel reflections and material absorption and to provide a fan-out of 2, which is the minimum required for generalpurpose logic.
Spatial solitons result from a balance between linear diffraction and nonlinear self-focusing, and their interactions may one day provide a means for ultrafast optical switching and computing. Two spatial solitons propagating at different angles can symmetrically collide in a nonlinear medium, producing a spatial shift in the propagation of each soliton, with no change in propagation angle. This collision interaction has been suggested as a mechanism for a photonic switch 1 and has been demonstrated experimentally with dark spatial solitons. 2 Experimental demonstrations of spatial soliton attraction and repulsion 3 also have been reported, and an all-optical switch has been proposed. 4 In this interaction geometry, two spatial solitons launched along parallel paths separated by a few beam widths with 7T relative phase will repel each other, resulting in a change in their propagation angles. Trapping of initially overlapping spatial solitons propagating in different directions (the spatial analog of temporal trapping using two differentcolor solitons in a fiber 5 ) has been demonstrated experimentally 6 and is very similar to the geometry reported here, but it is highly phase dependent and no gain was realized. Soliton collision at small angles is also highly phase dependent. In a computing or switching system, relative phase may be difficult if not impossible to maintain. In addition, large gain is not achievable with any of these interactions, because a weak signal soliton is unable to influence a strong pump significantly. A minimum gain of -4 is necessary to compensate for unavoidable system losses such as Fresnel reflections and material absorption and to provide a fan-out of 2, which is the minimum required for generalpurpose logic.
To avoid phase dependence, one can use orthogonally polarized solitons in a nonlinear Kerr material, in which case the interaction between them will be based only on phase-insensitive nonlinear cross-focusing between their intensity profiles. In an isotropic medium, orthogonal circular polarizations can be used to eliminate all phase-dependent interactions, whereas in the presence of strong material or form birefringence, the linear eigenmodes can be used to phase mismatch the undesired phasedependent terms.
The foundation for asymmetric spatial soliton dragging arises from the analogous mechanism of trapping between orthogonally polarized temporal solitons launched with overlapping profiles in birefringent fiber. 7 By the use of spectral filters 8 this interaction can be used for switching, but, to provide gain and cascadability, only the undragged pump should be passed on as a signal to subsequent stages. 9 Because temporal trapping overwhelms temporal walk-off and causes the two solitons to travel together at approximately the weighted mean velocity, the slower soliton can drag the faster soliton in time by more than a pulse width. The presence or absence of a weaker soliton (signal) then can be determined by using temporal coincidence detection centered on a stronger soliton's (pump) time slot in the absence of the signal, 9 thus providing the capability of gain.
Asymmetric spatial soliton dragging occurs when two orthogonally polarized and overlapping spatial solitons are launched with different propagation angles into a nonlinear medium, so that a large pump is dragged well over a beam diameter by a small signal and no longer passes through a spatial aperture. Initial simulations were performed with the spatial analog of temporal dragging in birefringent fibers, with spatial walk-off in a birefringent crystal of an extraordinary-polarized spatial soliton propagating collinearly with and initially overlapping an ordinary-polarized soliton. Nearly identical results are obtained when the two solitons are launched with different propagation angles in an isotropic medium with orthogonal circular polarizations. 1 0 In this Letter we present results of a weaker dragging interaction in which A = CF/SF = 2/3 is the ratio of cross-focusing (CF) to self-focusing (SF) as would be encountered in an isotropic planar waveguide that uses the linearly polarized eigenmodes. Although the dragging is less effective than that achieved by using orthogonal circular polarizations in which A = 2, more than adequate switching performance is obtained. spatial dragging should be easier to implement than those with their temporal counterpart, because a simple spatial aperture will pass an undragged pump and block a dragged pump, instead of using ultrafast coincidence detection. In analogy with temporal dragging logic, 9 logically complete, n-input NOR gates can be implemented with asymmetric spatial dragging in an n-level system in which a cascaded pump is dragged to the side and blocked by the presence of a signal in any level, thereby producing a low output. It is also important to note that, as in the temporal counterpart, only the undragged pump is used to switch subsequent stages, providing true three-terminal input-output isolation.
The simulation of an asymmetric spatial dragging inverter is depicted in Fig. 1 , in which the spatial intensity profiles of the orthogonal polarizations are separated for clarity. The fundamental signal soliton is shown at the lower left, propagating by itself at an angle. The strong pump propagating by itself (upper left) as a mode superposition of firstand second-order solitons that periodically focus and defocus is undeviated and passes through a small aperture at the output. Asymmetric spatial dragging occurs when the initially overlapping pump and signal attractively interact (right) through cross focusing (governed by the same positive n 2 that yields self-focusing), forming a bound pair propagating at a weighted mean angle. The weak signal orbits the strong foci of the pump throughout their propagation, and both are blocked at the output. Because there is no attraction before the nonlinear interface, the interaction is asymmetric. In contrast, in the case of symmetric interaction, such as collision between orthogonally polarized solitons away from the nonlinear material boundaries, there is an attraction both before and after the collision, when the pump is first pulled in one direction before the collision and then pulled in the other direction after the collision. This results in no permanent change in momentum or direction of propagation of the individual solitons, although they experience a small beam shift. (1) where u 1 (x, z) and u 2 (x, z) represent the orthogonally polarized optical field amplitudes, k = 2wno/Ao is the medium propagation constant, no is the linear index of refraction, and n 2 is the nonlinear Kerr index. For an isotropic material under Kleinman symmetry, A = 2/3 for orthogonal linear polarizations. The one-dimensional beam-propagation simulation of asymmetric soliton dragging, as shown in Fig. 1 , uses overlapping sech(x/wo) initial field profiles for the pump and the signal, A, = /5A is the x-polarized pump field amplitude, and A, is the y-polarized signal amplitude. The other parameters correspond to glass waveguide experiments 3 : Limits on the gain of this interaction are the minimum signal beam power and the maximum power that the pump can have without breaking up or inducing other competing nonlinearities in its highintensity foci. A saturating nonlinearity stabilizes the propagation of high-power solitons by reducing the high-intensity foci and results in a fundamental filament similar to the sech() nonlinear Schrbdinger equation fundamental eigenmode in the weak-saturation regime." Many resonantly enhanced processes that produce a nonlinear index eventually will saturate at high enough powers, typically following the steady-state, two-level saturation law of the form An(I) = n 2 I/(l + I/ISat), where Isat is the saturation intensity. All simulations presented here include the effect of a saturating nonlinearity, where Isat = 4I0 and Io is the peak fundamental soliton intensity in the absence of index saturation.
To optimize the asymmetric spatial soliton dragging logic gate, we partially explore the interaction parameter space spanned by pump-to-signal-beam power ratio, interaction angle, and propagation distance. We define the contrast ratio metric as the ratio of the power of the signal soliton to the power of the dragged pump passing through the aperture. A contrast ratio of less than unity allows enough power to pass through the aperture that an unwanted soliton can be launched into subsequent stages. For a successful switching operation with contrast ratio greater than unity and in the absence of absorption, the gain is given by the initial beampower ratio. Figure 2 shows the contrast ratio metric in a slice through this parameter space for asymmetric dragging, where the propagation distance is fixed at 5Z 0 and the aperture width is 3.5wo. High contrast can be achieved for a wide range of normalized interaction angles near K = 1 and for beam ratios as large as 10, demonstrating the potential for high-gain, cascadable switching. Because the dragging interaction produces an angular shift, the contrast tends to increase with increasing propagation distance. This is generally true, but orbiting (see Fig. 1 ) causes some oscillation in the contrast metric with distance, beam power ratio, and angle. Figure 3 plots the contrast versus normalized angle and propagation distance for a pump-to-signal-beam power ratio of 5. Inset A shows a deflection interaction without trapping for K >> 1 that still produces a successful switching operation, inset B reproduces the data from Fig. 1 (K = 1), and inset C shows how longer propagation distances can be used to switch linearly unresolvable solitons (K < 1). The general trend of contrast increasing with propagation distance must be countered by the inclusion of material absorption. In addition, it should be mentioned that without index saturation the maximum gain is -3.3 at a propagation distance of 10ZO. Much larger propagation distances likely would allow an increase in gain, but absorption in enhanced nonlinear media will ultimately dictate the maximum distance, so index saturation may be necessary for practical, highgain switching.
In conclusion, we have demonstrated numerically a new geometry for spatial soliton interactions: asymmetric dragging. This interaction provides a cascadable, phase-insensitive, three-terminal logic gate with gain, high contrast, and input-output isolation and the potential for a high degree of parallelism, low latency, and high-speed operation. By exploring the interaction parameter space, we have shown that there is a wide range of pump-to-signal-beam power ratios, interaction angles, and propagation distances that can be used, and we have found optimal parameters for the demonstration of this interaction.
